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Abstract

Purpose: Echocardiography is frequently used in the hemodynamic evaluation of critically ill patients, but inaccurate
measurements may lead to wrong clinical decisions. The aim of our systematic review was to investigate the inter-
changeability of echocardiography with thermodilution technique in measuring cardiac output and its changes.

Methods: In August 2015 we systematically searched electronic databases and included studies investigating the
echocardiographic measurement of cardiac output compared with thermodilution technique using the Bland-Alt-
man method. Two authors independently reviewed the studies and extracted data on type of measurements, clinical
setting and characteristics, and those of the Bland—Altman and trending ability analyses.

Results: We identified 13,834 citations and included 24 studies in the final analysis. The median number of partici-
pants was 32 (range 8-65). Most of the studies assessed left-sided heart structures and the majority had small bias,
wide limits of agreement, and high percentage error between echocardiography and thermodilution. In only two of
the 24 studies the precision of each technique (echocardiography and thermodilution) was assessed before compar-
ing them. In the single study evaluating trending ability using valid methodology, agreement was observed between
echocardiography and thermodilution in detecting the directional changes in cardiac output, but the magnitude of
changes varied considerably.

Conclusions: The majority of studies comparing echocardiography with thermodilution were difficult to interpret,
but current evidence does not support interchangeability between these technigues in measuring cardiac output.
The techniques may be interchangeable in tracking directional changes in cardiac output, but this has to be con-
firmed in large high-quality studies.
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Take-home message: Echocardiography is not interchangeable with
thermodilution technique in measuring cardiac output. There may be
concordance between the techniques in detecting directional changes
in cardiac output.
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Introduction

Measurements of cardiac output (CO) are frequently
done in surgical and critically ill patients as part of opti-
mization strategies [1]. Since the 1970s the use of pul-
monary artery or Swan—Ganz catheter together with
intermittent thermodilution technique based on the
Stewart—Hamilton equation has been considered the
clinical standard in measurements of CO. It has been
extensively investigated in many different clinical settings
and has demonstrated a precision of less than 10 % when
used in scientific investigations [2—6]. On the other hand,
the technique has its limitations, including variability in
serial measurements of CO and rare, but potentially seri-
ous, complications [7, 8].

Two-dimensional echocardiography is a non-invasive
[transthoracic (TTE)] or semi-invasive [transesopha-
geal (TEE)] method for the assessment cardiac anat-
omy and function [9-12]. When Doppler technique or
the volumetric method (difference of end-systolic and
end-diastolic volume) is added, it is possible to meas-
ure stroke volume (SV) and CO. The anatomic sites for
measuring velocity likely affect CO measurement and
in the guidelines from the American Society of Echo-
cardiography it is recommended that the left ventricu-
lar outflow tract (LVOT) is used for measurements of
CO [13].

It is complex to validate a new technique for the
measurement of CO. The new method has to be com-
pared with an accepted clinical standard technique and
the results analyzed using the Bland—Altman method,
in which the agreement is evaluated between the new
and the established technique [14, 15]. As no true gold
standard exists for CO measurement the Bland-Alt-
man method applies the mean of both the new and
the reference technique. One plots the means of all the
differences between the techniques (bias) and plots
the variance, being +1.96 standard deviations (SD)
around the bias, also called limits of agreement (LOA)
[14]. However, the acceptable LOA varies consider-
ably, depending on the precision of the methods tested.
Therefore, in any study attempting to validate a new
method, it is imperative to determine the precision of
the methods tested. Without knowledge of the preci-
sion of each method, it is impossible to determine the
acceptable LOA and make a sound and unbiased con-
clusion of the interchangeability between the two
methods.

Erroneous CO measurements could potentially lead
to wrong clinical decisions including inappropriate
use of fluid or inotropic drugs. This may potentially
harm patients. As echocardiography is widely used in
the clinical setting and promoted by experts [16], it
is imperative to ensure that its validation is based on

high-quality studies using the Bland—Altman analy-
sis when assessing the agreement. The aim of this
systematic review was to examine the evidence of echo-
cardiography for measurements of CO. The thermodi-
lution technique was chosen as clinical standard, and
data regarding the reproducibility (precision) of each
method and agreement and trending ability between
them were obtained.

Methods

We used the methodology of the PRISMA guidelines
for the conduct of systematic reviews [17]. The objec-
tive was a systematic review of the literature investigating
echocardiographic measurements of CO compared with
thermodilution technique with use of the Bland—Altman
method. Potentially eligible studies were those assessing
echocardiography-derived measurements of CO with
thermodilution technique as the reference method in
adult hospitalized patients. We performed an electronic
literature search in Pubmed, Embase, and the Cochrane
Library. The following search strategy was used to iden-
tify relevant studies:

1. echocard* OR echo OR cardiac ultrasound OR TTE
OR TEE OR transtho* OR transeso*.

2. CO OR cardiac output OR SV OR stroke volume OR
hemodynamic OR monitoring.

3. #1 AND #2.

Study selection
The inclusion criteria were (1) hospitalized patients, (2)
prospective clinical studies, systematic reviews, or meta-
analysis, (3) adults (age >17 years), (4) the use of echocar-
diography-derived data to assess SV or CO, (5) the use
of thermodilution technique as the reference technique,
and (6) the use of the Bland—Altman method to com-
pare them. Two authors (M.W. and R.R.J.) independently
screened the articles for inclusion. All potentially rel-
evant studies were reviewed in full text. If a study did not
fulfill all inclusion criteria, it was excluded. The search
was performed March 2014 and updated in August 2015.
We did not have predefined limitations regarding year
of publication, language, populations of hospitalized
patients, or predefined outcomes. Studies only published
in abstract form were excluded if data allowing sufficient
data assessment could not be obtained. Any disagree-
ments with respect to inclusion/exclusion of studies were
resolved with the co-authors (H.M.S., A.P.).

Data extraction

Two authors (M.W. and R.R.J.) extracted relevant data
from included articles. The extracted data included
the year of publication, patient population, number of



1225

patients, use of mechanical ventilation, ventilator mode,
heart rhythm, type of monitor devices, echocardiographic
view(s), the presence of valvular heart diseases, and echo-
cardiographic- and thermodilution-derived data.

Because the different ways of measuring CO by echo-
cardiography may not be interchangeable, we registered
the method used (imaging performed from two-dimen-
sional echocardiography combined with Doppler or
volumetric technique). In the Doppler technique, CO
is estimated by multiplying the velocity of time integral
(VTi) of the blood flow by the cross-sectional area of an
anatomic site (e.g., valve). In the volumetric method, SV
is assesses by calculating the difference between end-
systolic and end-diastolic volume [13, 18]. If more than
one site was used, we obtained data from all the sites that
were compared with thermodilution technique and ana-
lyzed using the Bland—Altman method.

We extracted available data from the Bland—Altman
analyses, including the precision of each technique,
bias, LOA, percentage error (PE), and trending ability
between the two techniques. The PE was defined as 1.96
SD divided by the mean CO of the two methods. If PE
was not reported, we a posteriori calculated PE if the data
were available.

Results

The search resulted in 13,834 unique citations; 13,720
citations were excluded on the basis of the title. From the
remaining 114 citations, 26 citations were excluded on
the basis of the abstract and 88 articles were evaluated in
full text. Full-text studies were excluded if the Bland—Alt-
man method was not used, thermodilution was not used,
animals were studied, or the research question was irrele-
vant (not comparative CO measurements studies, studies
evaluating fluid responsiveness, no use of echocardiogra-
phy, and echocardiographic assessment of cardiac anat-
omy only) (Fig. 1). Twenty-four studies were included.

Characteristics of included studies

Of the 24 included studies, CO measurements was done
with TEE in 19 studies [5, 19-36] and with TTE in five
studies [37—41]. The median number of included patients
was 32 (range 8-65). The majority of studies were per-
formed in cardiac and intensive care unit (ICU) popula-
tions. Fifteen of the TEE studies were performed during
elective cardiac surgery under hemodynamically stable
conditions and in patients undergoing mechanical ven-
tilation [5, 19-26, 29, 31-33, 35, 36], while eight stud-
ies were performed in ICU populations including septic
shock, acute myocardial infarction, pulmonary hyperten-
sion, subarachnoid hemorrhage, and after liver transplan-
tation [27, 28, 30, 37—41]. In none of the included studies
were details given regarding ventilation mode or settings.

The TEE studies most frequently assessed the LVOT [5,
26, 27, 32—-35], the aortic valve [23, 31, 33, 34, 36], and
the mitral valve [19, 21, 22, 30, 34]. In the TTE studies,
LVOT [38, 40, 41] and the aortic valve [37, 39] were the
most often assessed.

The number of heartbeats used to calculate CO var-
ied between 3 and 5 in the majority of studies [5, 19-22,
27, 29, 30, 32—38, 40]. The CO measurements with ther-
modilution were the mean of three measurements in
most of the studies [20, 22-29, 31-37, 39, 41], while 4-5
measurements were used in four studies [5, 21, 30, 38].

Measurements of CO were performed in patients with
sinus rhythm in the main part of the studies [5, 19-23,
25-27, 29-36, 39, 40]; in five studies it was not described
if patients with arrhythmia were included [24, 28, 37, 38,
41]. The majority of studies excluded patients with signif-
icant valvular diseases; however, mitral regurgitation [19,
22, 26, 38, 40] and tricuspid regurgitation [21, 26, 29, 34,
40] were observed in some studies.

Assessment of changes in cardiac output were mainly
performed at fixed time periods intra- and postop-
eratively [5, 19, 20, 22-24, 29, 31-37]. Other studies
induced changes in CO by fluid loading or vasoactive
drugs [5, 21, 28, 30, 36, 37]. In one study preload was
corrected prior to CO measurements; patients received
fluid pre- and postoperatively to increase cardiac filling
pressure (defined by pulmonary artery diastolic pressure
and right atrial pressure). Subsequently, the groups were
randomized to receive 5 % albumin to maintain (nor-
movolemic) or increase cardiac filling pressure (hyperv-
olemic) before follow-up CO measurements [37].

In the majority of studies the investigations were
blinded and off-line analyses were performed without
randomization of the sequence of measurement [5, 19,
20, 23-27, 29, 30, 32—-37, 39]; in three studies a random
allocation process was used [19, 34, 36].

Echocardiographic assessment of cardiac output
Overall, the majority of studies showed small bias, wide
LOA, and high PE between CO measured by echocar-
diography and thermodilution (Table 1; Figs. 2, 3). Per-
centage error was specified in four studies, and we could
calculate PE a posteriori in an additional 11 studies. The
PEs (specified and calculated a posteriori) ranged from
approximately 16 to 69 % for LVOT [5, 26, 27, 31-35, 41],
approximately 16 to 43 % for aortic valve [23, 33, 34, 36,
39], approximately 41 to 50 % for mitral valve [21, 30, 34],
and from approximately 11 to 61 % for the right ventricu-
lar outflow tract (RVOT), pulmonary artery (PA), or pul-
monary valve (PV) [29, 33, 34].

In only two studies [5, 28] were the precision assessed
of both echocardiographic CO and thermodilution
CO. Both studies were done using TEE and volumetric
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Pubmed, Embase, Cochrane
Library search in March 2014 and
August 2015

17.084 citations

13.834 citations reviewed

Duplicates removed by
Endnote (n=3250)

| 114 citations |

Citations excluded based on
title (n=13.720)

| 88 citations |

Citations excluded based on
abstract (n=26)

24 studies included:
- TEE studies (n= 19)
- TTE studies (n= 5)

Citations excluded based on full-text review (n=64):
- Thermodilution not used (n= 8)

- Bland-Altman analysis not used (n=26)

- Irrelevant research question (n=27)

- Animal studies (n=3)

Fig. 1 Screening, inclusion, and exclusion of studies. TEE transesophageal echocardiography, TTE transthoracic echocardiography

assessments were done in one [28]; in the other study
Doppler was used at the LVOT [5]. The precision of ther-
modilution was 8 and 4.8 % in the two studies [5, 28]; that
of TEE was 8.6 % (LOA =+ 4.3 1/min) [28] and 16 % (+1.51
I/min) [5]. In these two studies the PE between CO meas-
ured by echocardiography and thermodilution was 53
[28] and 39 % [5].

Left ventricular outflow tract
In 11 studies the LVOT was used to measure CO by Dop-
pler (Table 1); most of these had bias less than 0.5 1/min
and LOA less than +1.5 1/min, but PE was over 20 % in
the majority of studies [26, 32—35].

The seven TEE studies measuring CO at the LVOT
(Table 1) showed a bias ranging from -0.42 to 3.39 1/

min and LOA varying from £0.86 to £1.51 1/min [5,
26, 27, 32-35]. Percentage error ranged from 16 to
48 %.

The four TTE studies measuring CO at the LVOT
(Table 1) showed bias ranging from —0.75 to 0.4 l/min
and LOA varying from +0.83 to £2.87 l/min [37, 38, 40,
41]. The only available PE from TTE-derived LVOT was
69 % [41].

Aortic valve

In six studies the aortic valve was used to measure CO
(Table 1); most of the studies had bias below 0.5 1/min
and LOA around +1 1/min. The PE ranged from 16 to
43 % for both the TEE and TTE studies [23, 33, 34, 36,
39].
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Table 1 Characteristics of the included studies

[19] 35 TEE PA NA ~0.6 |/min +2 I/min NA
MV ~0.1 I/min +>2 1/min
[20] 33 TEE PA NA 0.03 I/min +0.98 I/min NA
[21] 65 TEE MV NA —0.85 I/min =+1.67 |/min, °PE 50 % NA
[22] 12 TEE MV NA —0.86 I/min +3.24 1/min NA
[23] 63 TEE AoV NA 0.06 I/min 40.83 |/min, °PE 19 % Yes
[24] 8 TEE LVCA NA —0.2 l/min +2.61/min NA
[25] 21 TEE LVCSA NA 047 |/min +4.34 1/min NA
PA 0.12 I/min +0.9 I/min
[26] 29 TEE LVOT  NA 0.1 I/min =+1.2 |/min, °PE 25 % NA
[27] 28 TEE LVOT  NA —042 |/min 4+1.311/min,*PE 16 % NA
[28] 13 TEE LVESV  PAC48% —0.3I/min +4.3 |/min, °PE 53 % NA
LVEDV TEE 8.6 %
[29] 45 TEE RVOT  NA —0.01 I/min 4045 |/min, °PE 11 % NA
[30] 22 TEE MV NA —0.3 /min 43.11/min, °PE 48 % NA
[31] 33 TEE AoV NA —0.01 I/min +1.12 |/min, °PE 24 % Yes
[32] 45 TEE LVOT  NA PW 3.3 % PE —36.8t043.4 % NA
CW 1.5 % PE —41.6t044.5 %
[33] 30 TEE LVOT  NA 0.07 I/min 40.86 I/min, °PE 24 % NA
RVOT 0.17 I/min =+0.82 |/min, °PE 23 %
AoV —0.12 I/min 40.98 I/min, °PE 27 %
[34] 30 TEE AoV NA —0.21 I/min PE 43 % NA
LVOT 3.391/min PE 48 %
MV 4.29 1/min PE 41 %
PV 1.96 I/min PE 43 %
RVOT 111 I/min PE 61 %
[35] 50 TEE LVOT  NA Before CPB —0.05 I/min  £0.99 I/min, PE 28 % NA
After CPB 0.062 |/min +1.42 |/min, PE 29 %
[36] 20 TEE AoV NA 045 I/min +1.93 I/min, PE43 % NA
[5] 25 TEE LVOT  PAC8% Supine —0.22 I/min +1.51 I/min, PE 39 % Yes

TEE16%  Head-down 0.121/min  £1.41/min, PE 34 %
+1.89 I/min, PE 55 %
Head-up —0.14 I/min

[37] 48 TTE LVOT  NA —0.75 I/min +1.341/min NA
[38] 18 TTE LVOT  NA 0.2 I/min +1.7 I/min NA
A2CV 0.6 |/min +1.91/min
A4CV 0.3 I/min +3.1 1/min
[39] 41 TTE AoV NA —0.6 I/min =+1.2 |/min, °PE 16 % NA
[40] 43 TTE LVOT  NA —0.06 I/min +0.83 I/min NA
[41] 42 TTE LVOT  NA 0.4 I/min +2.87 |/min, °PE 69 % NA

A2CM apical two-chamber method, A4CM apical four-chamber method, AoV aortic valve, CPB cardiopulmonary bypass, CW continuous wave Doppler, LVCA left
ventricular cavity area, LVCSA left ventricular cross-sectional area, LVEDV left ventricular end-diastolic volume, LVESV left ventricular end-systolic volume, LVOT left
ventricular outflow tract, MV mitral valve, NA not assessed, N number of patients, PAC pulmonary artery catheter, PA pulmonary artery, PV pulmonary valve, PW pulsed
wave Doppler, RVOT right ventricular outflow tract, TEE transesophageal echocardiography, TTE transthoracic echocardiography

2 A posterior calculation of PE

The five TEE studies measuring CO at the aortic valve The one TTE study measuring CO at the aortic valve
showed bias ranging from —0.21 to 0.45 I/min [23, 31, 33,34, showed bias of —0.6 1/min and LOA +1.2 1/min with PE
36] and LOA varying from +0.83 to £1.93 I/min. The PE of  of 16 % [39].
the TEE studies ranged from 19 to 43 % [23, 31, 33, 34, 36].
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Bias with limits of agreement PE

Feinberg [26] 1995 (LVOT) —— 25%
Descorps-Declere [27] 1996 (LVOT) -  — 16%
Zhao [33] 2003 (LVOT) - —— 24%

Parra [35] 2008 (LVOT) —e— 28%
Moeller-Sorensen [5] 2014 (LVOT) —or—] 39%
Mayer [37] 1995 (LVOT) - —e—H NA
Mclean [38] 2006 (LVOT) - —f— NA
Temporelli [40] 2010 (LVOT) - —— NA
Tian [41] 2011 (LVOT) I . | 69%

Darmon [23] 1994 (AoV) - o | 19%
Perrino [31] 1998 (AoV) - —e— 24%

Zhao [33] 2003 (AoV) —a— 27%

Missant [36] 2008 (AoV) —to—o 43%
Marcelino [39] 2006 (AoV) e 16%
Muhiudeen [19] 1991 (MV) ] | NA
Ryan [22] 1992 (MV) -} I . | NA
Shimamoto [21] 1992 (MV) —— 50%
Estagnasié [30] 1997 (MV) | o i 48%
Muhiudeen [19] 1991 (PA) —e— NA
Savino [20] 1991 (PA) —e— NA

Izzat [25] 1994 (PA) - NA

Zhao [33] 2003 (RVOT) - 23%

Maslow [29] 1996 (RVOT) — 11%

Izzat [25] 1994 (LVCSA) - I . | NA

Pinto [24] 1994 (LVCA) - } o | NA
Axler [28] 1996 (LVESV/LVEDV) 4 | o | 53%

S » a4 o a4 % o

CO (/minute)

Fig. 2 Forest plot including bias, limits of agreement, and percentage error (PE) of data from studies comparing cardiac output as assessed by
echocardiography vs. thermodilution. The data were derived from the Bland-Altman analysis of the included studies. Only studies reporting both
bias and limits of agreement are represented in the forest plot. Percentage errors are given if these were reported or could be calculated from the
reported data. If not, not assessable (NA) is given
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Fig. 3 Assessment of cardiac output by echocardiography using Doppler. Estimation of stroke volume is done by the measuring of a diameter of a
cardiac structure to assess the cross-sectional area (CSA) and multiplying it by the velocity time integral (VT1) obtained by the Doppler. The cardiac
output is calculated by multiplying stroke volume by heart rate. aA ascending aorta, CO cardiac output, CSA cross-sectional area, d diameter, HR
heart rate, LA left atrium, LV left ventricle, RV right ventricle, SV stroke volume, V7] velocity time integral

Mitral valve

In five studies the mitral valve was used to measure CO.
All were done using TEE and bias varied from —0.86 to
4.29 I/min with LOA over 2 I/min in the majority of stud-
ies. The PE ranged from 41 to 50 % [19, 21, 22, 30, 34].

Right-sided heart structures and vessels

In six studies CO was measured using echocardiographic
sites of the right-sided chambers and vessels of the heart,
including the RVOT, the pulmonary artery, or the pul-
monary valve (Table 1). In all studies TEE was used and
bias ranged from —0.01 to 1.96 I/min, LOA from £0.45
to &2 I/min [19, 20, 25, 29, 33, 34], and PE from 11 to
61 % [29, 33, 34].

Volumetric assessment of cardiac output
In three studies of TEE [24, 25, 28] the measurement of
CO was performed by the use of the volumetric method.

One study assessed the precision of both TEE (9 %) and
thermodilution (5 %); the bias between TEE and ther-
modilution was —0.5 1/min, LOA over +4 1/min, and PE
53 % [28]. The studies evaluating the left ventricular areas
found bias ranging from —0.2 to 0.47 and LOA between
+2.6 to 4.34 I/min [24, 25]. Percentage errors were not
assessable for these two studies.

Trending ability

In 11 studies trending ability was investigated; in 10 stud-
ies TEE was used [5, 19, 20, 23, 24, 28—31, 35] and in one
TTE was used [40]. In the majority of studies correlation
analysis or receiver operating characteristic curves were
used to assess changes in CO between echocardiography
and thermodilution technique. In five studies controlled
therapeutic interventions were performed to induce
changes in CO to investigate trending ability [5, 21, 28,
30, 36].
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In only three studies trending ability was evaluated by
four-quadrant plot including concordance analysis or
polar plot [5, 23, 31], but in two of these no therapeutic
intervention was performed to assess trending ability [23,
31].

Both the precision of the two techniques and trending
ability were evaluated in only one study [5]. This study
showed concordance between echocardiography (TEE
using Doppler of LVOT) and thermodilution regarding
the ability to detect serial changes in CO. However, the
magnitude of changes in CO varied considerably. Fur-
thermore, the polar plot showed a radial degree of 53.5°,
corresponding to poor trending ability despite an accept-
able precision of each of the techniques [5]. The study by
Perrino et al. [31] showed comparable findings, but the
precision of both methods was not assessed [31]. In this
study, Doppler technique at the aortic valve detected
directional changes in 97 % of the cases, but tended to
underestimate the magnitude of changes in CO com-
pared with thermodilution [31].

Overall, in the three TEE studies where four-quadrant
or polar plot was used, agreement was observed between
echocardiography and thermodilution in tracking direc-
tional changes in CO [5, 23, 31].

None of the TTE studies assessed the trending ability
with use of four-quadrant plot or polar plot. In one TTE
study changes in CO were evaluated but only with the
use of correlation analysis [40].

Discussion

In this systematic review we included 24 studies compar-
ing echocardiography with thermodilution as the clinical
standard technique in measuring CO, but only two stud-
ies had a design that allowed a fully unbiased comparison
of the two techniques. The PE was 39 and 53 % between
CO measured by echocardiography and thermodilution
in these two studies [5, 28]. In the majority of the remain-
ing studies, PE was above 20 % [21, 26, 30-36, 40, 41].
Only one study had a design that allowed a fully unbi-
ased comparison of trending ability between echocardi-
ography and thermodilution, and this showed agreement
between the two techniques in the directional changes in
CO [5]. This observation was supported by those of two
other studies with analyses allowing reasonable compari-
son regarding directional changes in CO [23, 31].

The LVOT and the aortic valve are generally consid-
ered to be the most accurate echocardiographic sites for
the measurement of SV and CO, because these are eas-
ily visualized and have low flow turbulence under normal
physiological conditions [13]. This notion was supported
in our results. LVOT and the aortic valve appeared to be
the echo sites with the lowest bias; however, LOA and PE
were still high. The accuracy may be affected by aortic

regurgitation and obstruction of the LVOT. This may
increase flow turbulence and changing blood flow, which
will affect the accuracy of VTi measurements. However,
these conditions were not recognized in the populations
included in our review.

Imprecision in echocardiography CO measurements
may be induced by patient, technical, or operator factors
[42, 43]. Arrhythmias, low sedation levels, and changes
in ventilator pressures and tidal volumes may affect the
measurement of CO [44]. Furthermore, the assumption
of laminar flow, constant cross-sectional area, and angle
dependency of the probe may contribute to erroneous
measurements. It has been shown by Hansen et al. [45,
46] that flow estimates done on complex in vivo blood
flow, such as cardiac flow, is inaccurate when done with
two-dimensional ultrasound methods. The main bias
is the assumption of axisymmetrical and parabolic flow
profiles, which is not met in in vivo vessel geometry.
Thus, the lacking third dimension of in vivo volume flow
estimation is likely the most important confounder for
a precise estimation. Depending on the approach used
for volume flow estimation from either Vmax or Vmean
obtained with TEE or TTE, assumptions of parabolic and
axisymmetical flow patterns are necessary, and therefore
these assumptions create major biases. Therefore, meas-
urements of CO with Doppler ultrasound carry a high
risk of inaccuracy in estimation of CO as the assumptions
applied in the calculation do not apply in complex cardiac
flow. However, this also gives a plausible explanation of
the apparent ability of Doppler ultrasound to track direc-
tional changes in CO, but not the magnitude, as changes
in VTi may be maintained across the complex flow.

The variability in CO measured by echocardiography
may be minimized by the use of mean values of repeated
measurements [13]. In a study by Dubrey and Falk [47]
it was necessary to measure around 13 heartbeats in
patients with atrial fibrillation to obtain mean values of
CO that varied less than 2 % compared with 3-5 heart-
beats in patients with sinus rhythm. The studies included
in our review measured CO in hemodynamically sta-
ble populations with sinus rhythm measured in 3-5
heartbeats.

Like any other CO measurement device, the thermodi-
lution methods have variations in accuracy and preci-
sion. Errors in measurement of CO may be induced by the
pathophysiology of the patient, biological variation, and
technical problems [48—51]. Thermodilution is sensitive to
tricuspid regurgitation and intracardiac shunts, which may
result in falsely low CO measurements because of the recy-
cling of indicator fluid across the tricuspid valve [52, 53].
The frequency of tricuspid regurgitation may be higher in
a mechanically ventilated as compared with spontaneously
breathing patients. A study by Balik et al. [54] showed that
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a high degree of tricuspid regurgitation resulted in low-
ered accuracy of thermodilution and underestimated CO
in mechanically ventilated patients [54]. This could poten-
tially have affected our results; however, one might assume
that in studies comparing thermodilution with echocar-
diography the presence of tricuspid regurgitation or sig-
nificant intracardiac shunts would be described. We only
identified a few studies including mechanically ventilated
patients with mild to moderate tricuspid regurgitation or
intracardiac shunt [21, 26, 29, 34, 40]. Unfortunately, venti-
lation settings in these studies were not described further.
Thermodilution is also sensitive to changes in injectate
volume, fluid status, body temperature, and volume of
injected fluid bolus [48, 55], which all may be sources of
measurement error and variability. The inherent error
was reduced in the studies we included by averaging serial
measurements of CO for both thermodilution and echo-
cardiography. Pulmonary artery catheter thermodilution
can either be measured as intermittent or continuous
measurement of CO.

Intermittent bolus thermodilution has been thoroughly
investigated in many clinical settings and has been per-
formed with a precision below 10 % at least in scientific
investigations [2, 5, 6, 56] and continuous thermodilu-
tion has shown equally good reproducibility [57]. The dif-
ference between the two methods is the sampling time:
intermittent bolus thermodilution is most often per-
formed as the mean of three consecutive measurements,
and continuous thermodilution is an average value for
CO measured over the previous 5-15 min [58, 59]. This
makes the continuous method less sensitive for variations
in stroke volume caused by tricuspid regurgitation but
also less time-responsive when sudden changes in CO
occur. In all the studies included in this review intermit-
tent bolus thermodilution was used.

Knowing that the precision of the methods varies
makes it even more important to determine the preci-
sion of the two techniques before comparing them [60].
The majority of studies included in our review did not
assess the precision of the two techniques compared
(echocardiography and thermodilution), so it is not pos-
sible to evaluate the acceptable agreement between them
or to determine the interchangeability [14]. Some of the
included studies accepted echocardiographic CO based
on the often-used PE cutoff value of +30 % proposed by
Critchley and Critchley [61]. However, the conclusions
of these studies are less valid, because the precision of
the reference technique could be more or less than that
assumed. Furthermore, we observed wide variations in
the identified or calculated PE from the included studies.
It is possible that PE varies depending on the CO value
(e.g., lower CO may have a higher PE than higher CO),
which could result in erroneous interpretation.

It is important that changes in SV or CO can be meas-
ured because clinicians not only work with single point
values but also with the changes, in particular following
interventions. Using the Bland—Altman method the pre-
cision and accuracy is assessed, but the trending ability
is not. Currently, the most accepted analytic approach in
evaluating trending ability is the four-quadrant plot with
concordance analysis or the polar plot [62, 63]. In only
three studies in our review were trending ability evalu-
ated and analyzed with the use of four-quadrant plot or
polar plot [5, 23, 31]. The included studies showed that
the directional changes between echocardiography and
thermodilution were in agreement. However, the mag-
nitude between the techniques varied and echocardiog-
raphy was insensitive in detecting small changes in CO
measured.

The strengths of this systematic review include the
extensive literature search done systematically in multi-
ple databases without language restriction of identified
articles, and two authors structured the inclusions and
exclusions independently. However, the search string did
only include English words and we cannot be sure that
our search strategy was adequate and identified all rel-
evant studies.

The limitations of this study were the heterogeneity
of the included studies, the low sample size, the sparse
clinical data, and insufficient use of the Bland—Altman
analysis. We did not perform meta-analyses of the results
because of the limited amount of valid data. Further-
more, the results cannot be used to assess the effects of
echocardiography-based strategies on outcome. Our
aim was restricted to the validation of echocardiography
in measurements of CO compared to thermodilution as
the clinical standard. However, the overall assessment of
hemodynamics using echocardiography is complex and
the extensive literature research in this field was beyond
the scope of our review.

Ideally new hemodynamic tools should perform with
short time responsiveness, accurate amplitude respon-
siveness, and the ability to track directional changes
in CO [64]. For this echocardiography may hold some
promise, but it has to be confirmed in larger high-
quality studies. Until then we suggest that clinicians do
not make treatment decisions based on CO measured
by echocardiography alone. Also it may be that VTi
should be measured and used clinically rather than SV
or CO, because it is less likely affected by the assump-
tions of laminar flow and constant cross-sectional area
as described above. When evaluating echocardiography
it is important to bear in mind that it provides valuable
information about the cardiac anatomy, cardiac func-
tion, valve pathology, and imaging of blood flow and
assessment of systolic and diastolic function of the heart
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[49, 65, 66]. For assessments of these quantities and
qualities echocardiography is highly valuable in critically
ill patients.

Conclusions

We systematically evaluated the interchangeability of
echocardiography with thermodilution in assessing
CO and its changes. However, methodologically proper
evaluation with estimation of the precision of each
technique before comparing them was only performed
in few studies. The small sample size, heterogeneity
of the studies, and inadequate statistical assessment
do not allow us to make any definitive statement, but
current evidence does not support interchangeability
between these techniques in measuring cardiac output.
Thermodilution and echocardiography may be inter-
changeable in tracking directional changes in cardiac
output, but this has to be confirmed in large high-qual-
ity studies.
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